Abstract Natural additives for the control of microbial growth are in demand because consumers prefer them over synthetic ones. In the present investigation, the antibacterial activity of two natural preservatives, cinnamaldeyde and clove oil alone or in combinations was studied, and their potential as food preservative in model food systems and watermelon juice was evaluated. The cinnamaldehyde and clove essential oil showed minimum inhibitory concentration (MIC) at or below 5000 mg/l, and fractional inhibitory studies using both the oils showed synergistic effect. In artificially inoculated barley model food system and cabbage model food system, 2 MIC of oils was able to reduce the growth of the tested bacteria (more than 5 log) during 4 weeks storage at 37°C, and similar reduction was also observed when combinations of oils were used at one eighth of MIC against Bacillus cereus and Yersinia enterocolitica, and one fourth of MIC against Staphylococcus aureus and Escherichia coli. Natural contaminants of watermelon juice were also reduced by the combination of one fourth of MIC of the oils, which was more effective than individual 2 MICs. These findings may be useful for food applications, but their effect on sensory quality of various foods need to be studied.
Introduction
Food safety is a fundamental concern for both consumers and the food industry, especially as the numbers of reported cases of food-associated infections continue to increase worldwide. Most plants produce antimicrobial secondary metabolites, either as part of their normal programme of growth and development or in response to pathogen attack or stress. These plant-based antimicrobials can be used as natural preservatives (Kumudavally et al. 2011; Das et al. 2012) . Essential oils are naturally occurring terpenic mixtures isolated from various parts of plants by steam distillation or other methods. Essential oils are currently in demand, both in industry and academic research, and their antimicrobial properties against food spoilage microorganisms have been investigated in many studies (Burt 2004; Hernandez-Ochoa et al. 2011) .
Cinnamon oil exerts strong antimicrobial properties against bacteria in in-vitro system (Tajkarimi et al. 2010; Das et al. 2012) , and a few studies have reported its efficacy in food system alone (Andevari and Rezaei 2011) ; in combination with heat (Amalaradjou et al. 2010) or heat and acid (Binduheva and Negi 2014) . The essential oil of clove (Syzygium aromaticum) also exhibits antimicrobial activity against the growth of bacteria and fungi, and significant antimicrobial effects of clove oil in in-vitro system (Fu et al. 2007 ) and in meat (Hernandez-Ochoa et al. 2011 ) was reported. However, the antimicrobial effectiveness of these essential oils in foods is not yet fully understood.
Essential oils show substantial activity when used in food systems but amounts required (33-100 times of in-vitro concentrations) are very high (Shelef et al. 1984) , and such concentrations are generally much higher than the organoleptically acceptable levels. Higher concentrations of the essential oils are required probably due to the complex growth environment in food, which may provide protection to microbial cells (Gill et al. 2002; Gutierrez et al. 2009; Smith-Palmer et al. 2001) . It has been shown that combining different antimicrobial substances can lead to a broad spectrum of activity which can increase their effectiveness in foods (Ghrairi and Hani 2013; Goni et al. 2009; Gutierrez et al. 2008) . Therefore, in the present study, attempts have been made to study the antibacterial activity of cinnamaldeyde and clove oil alone or in combinations in in-vitro conditions, and to investigate their potential as food preservative in barley model food system and cabbage model food system, and in watermelon juice.
Materials and methods

Essential oils
The cinnamaldehyde and clove oil were purchased from Loba Chemie Pvt. Ltd. (Mumbai, India). The cinnamaldehyde supplied by the company is a clear yellow coloured liquid having strong odour of cinnamon with a density of 1.045 g/ ml and 99.75 % purity. The clove oil is a yellow coloured clear liquid having eugenol content of 85.08 % (v/v) with a density of 1.058 g/ ml and refractive index of 1.530. The oil (1 ml) was dissolved in distilled water (total volume 10 ml) using 100 μl of tween 80 (SRL, Mumbai, India) for use in antibacterial studies.
Antibacterial activity assay in-vitro
The bacterial cultures used in present study were Bacillus cereus (F 4810, Public Health Laboratory, London, UK), Staphylococcus aureus (FRI 722, Public Health Laboratory, The Netherlands), Escherichia coli (MTCC 108, Microbial Type Culture Collection, Institute of Microbial Technology, Chandigarh, India) and Yersinia enterocolitica (MTCC 859, Microbial Type Culture Collection, Institute of Microbial Technology, Chandigarh, India). The cinnamaldehyde and clove oil were tested against selected bacteria by agar dilution method (Negi et al. 1999) . In brief, different concentration of cinnamaldehyde and clove oil were added individually in to the flasks containing 20 ml of molten nutrient agar media (~50°C), and 100 μl of bacterium to be tested (10 3 cfu/ml) was inoculated. The contents of the flask were poured into the sterilized petriplates under aseptic conditions, and the plates were incubated for 24 h at 37°C and observed for bacterial growth. The minimum inhibitory concentration (MIC) was defined as the lowest concentration of the compound capable of inhibiting the complete growth of bacterium in question.
Determination of fractional inhibitory concentration (FIC)
The checkerboard method was performed to obtain the FIC index of clove oil and cinnamaldehyde combinations against the test bacterium in the nutrient agar media (Schelz et al. 2006) . To the flasks containing 20 ml of molten nutrient agar media (~50°C), a combination of different concentration of cinnamaldehyde and clove oils diluted two fold (MIC/4, MIC/ 8) were added, and 100 μl of each bacterium (10 3 cfu/ml) to be tested was inoculated before pouring the contents into the sterilized petriplates. The plates were incubated for 24 h at 37°C and observed for bacterial growth. The MIC for each combination was defined as the lowest concentration of the combination capable of inhibiting the complete growth of bacterium in question.
The FIC indices were calculated as FIC c l o v e + FIC cinnamaldehyde , where FIC clove =(MIC clove combination / MIC clove alone) and FIC cinnamaldehyde =(MIC cinnamaldehyde combination /MIC cinnaaldehyde alone). The results were interpreted as synergy (FIC<0.5), addition (0.5<FIC<1), indifference (1 <FIC<4) or antagonism (FIC>4).
Antibacterial activity assay in food systems
Barley soup was prepared by adding barley powder (obtained by grinding barley seeds) to the distilled water (10 %, w/v), and cabbage suspension by grinding cabbage along with sterile deionised water (50 %w/v) in a mixer followed by filtration using muslin cloth (Catherine et al. 2012) . The barley soup and cabbage suspension were dispensed individually in portions of 50 ml into 250 ml conical flask and sterilized (121°C for 15 min). To the flasks containing barley soup or cabbage suspension, the essential oils (cinnamaldehyde and clove oil) were added in different concentrations (MIC and 2MIC alone, and combination of MIC/4 of each oil and MIC/8 of each oil), and it was inoculated with approximately 10 5 cells of each bacterium separately. Flasks with tween 80 in water (100 μl in 10 ml, without added essential oils) served as control. The flasks were then incubated at 37°C for 28 days. The barley soup or cabbage suspension was withdrawn at regular interval to check the level of contamination by pour plate method using plate count agar in triplicates. The colonies grown after 24 h of incubation at 37°C were counted, and count was expressed as log cfu/ml.
Antibacterial activity against natural contaminants of watermelon juice
The watermelon juice was purchased from the local vendor and transferred to laboratory within an hour. The juice (50 ml) was dispensed in sterilized conical flasks (250 ml) under aseptic conditions. MIC and 2 MIC of the oils individually, and combination of one-fourth MIC of each oil and combination of one-eighth MIC of each oil were added to the flasks containing juice. The juice with tween 80 in water (100 μl in 10 ml, without added essential oils) was used as control. The total aerobic bacterial count of treated and untreated juice was estimated at regular interval using plate count agar during its storage at 37°C for 7 days. The colonies grown after 24 h of incubation at 37°C were counted. The plating was done in triplicate and the count was expressed as log cfu/ml. The reproducibility of the experiment in terms of the background microflora of the fresh juice was ascertained by terminating the experiments showing unusually high or low count in control at 0 day.
Statistical analysis
The data on MIC and FIC were same for all replicates, therefore were represented as such. The surviving bacteria in different food models and watermelon juice after treatment with various essential oil concentrations were represented as mean±SD. The effect of essential oil treatment was analyzed by one way ANOVA and Turkey Kramer Multiple Comparison Test was used to compare statistical differences (p<0.05) among various treatments and concentrations for a bacterium in a model system at the end of each storage period.
Results and discussion
Antibacterial activity of essential oils in-vitro
Growth inhibition studies were conducted in vitro to investigate the antimicrobial action of the cinnamaldehyde and clove oil against the tested microorganisms. The cinnamaldehyde and clove oil were able to reduce the bacterial population completely at or below 5000 mg/l level for all the bacteria tested in present investigation (Table 1) . The growth inhibition pattern showed that clove oil was more effective than cinnamaldehyde against tested Gram negative bacteria as it inhibited the growth of E. coli and Y. enterocolitica completely at 4500 mg/l (MIC of 5000 mg/l for cinnamaldehyde), whereas cinnamaldehyde was more effective against tested Gram-positive bacteria as compare to clove oil, and it inhibited the complete growth of S. aureus at 1875 mg/l and that of B. cereus at 2000 mg/l. Although, higher activity of cinnamaldehyde and clove in vapour phase using zone inhibition method is reported (Goni et al. 2009 ), the MIC values for clove oil against S. epidermidis, E. coli and Candida albicans (6000-50,000 mg/l) using broth micro-dilution method (Fu et al. 2007 ) were higher than the values observed in the present study. The antimicrobial activity of essential oils might vary considerably depending on number of factors like the botanical source of the plant, time of harvesting, stage of development, and method of extraction, which can significantly affect the active constituents of the essential oils. Also the bacterial strains being tested and bacterial load has effect on antibacterial activity of the essential oils (Singh et al. 2003) . In general, the cinnamladehyde and clove oil showed higher antimicrobial activity (lower MIC values) against Gram-positive than against Gram-negative bacteria tested in the present study, a fact previously observed with essential oils (Nostro et al. 2000) as well as with several plant extracts (Negi 2012) .
FIC values
The checkerboard method was performed to obtain the FIC index of clove oil and cinnamaldehyde combinations. Various combinations of essential oils showed synergistic FIC values (FIC<0.5) against tested organisms at their one-fourth to oneeighth MIC values ( Table 2 ). The other combinations of oil greater than MIC/4 and MIC/8 revealed an indifferent interaction, and the FIC indices varied from 1.0 to 2.0 (data not shown). Various effects of combining antimicrobial compounds ranging from synergistic to indifference are reported in literature. An increase in antimicrobial efficacy of essential oils was observed when they were used in combination Result of four replication (concentration at which no colony was formed after 24 h incubation) (Shelef et al. 1984; Gutierrez et al. 2008 Gutierrez et al. , 2009 ). Combination of thyme essential oil and enterocin A showed synergistic antibacterial effect on Listeria monocytogenes and E. coli (Ghrairi and Hani 2013) , however, the combinations of Cymbopogon giganteus and C. citratus essential oils exerted synergistic, additive and indifferent antimicrobial effects depending on the microorganism and used concentration (Bassole et al. 2011 ).
Antibacterial effect of essential oils in model food systems
The antibacterial effectiveness of clove oil, cinnamaldehyde and their combinations were tested against E. coli, S. aureus, B. cereus and Y. enterocolitica by artificially inoculating them in barley (Fig. 1a) and cabbage model food systems (Fig. 1b) . In both the food systems, there was a marked increase in bacterial population in control samples, whereas in MIC, the counts decreased as the incubation period was increased. Survival of only a few bacterial cells was seen in 2MIC treatment throughout the incubation period in both the food model systems. In cabbage food system, MIC treatments showed reduced growth, and 2 MICs resulted in lower viable counts as compare to controls. Almost similar trend for inhibition of growth was observed in barley food system also. Although, the count for most of the treatments in both the systems against all the bacteria was statistically similar (p<0.05) to each other on the day of treatment, the treatments showed significantly lower count throughout storage (except most of the combinations after 21 days storage in case of barley model system for B. cereus and S. aureus, cabbage model system for E. coli, cabbage and barley model systems for Y. enterocolitica; and after 7 days storage for E. coli in case of barley model system) as compare to control. Use of combination of essential oils was effective in controlling the growth of bacteria in both the food systems in the present study, albeit at much lower concentrations (MIC/ 8 of each oil for B. cereus and Y. enterocolitica; and MIC/ 4 of each oil for E. coli and S. aureus), which also showed synergistic effect in in-vitro condition (Table 2) . At the end of storage, combined MIC/8 treatment showed significantly lower count than individual 2 MICs against B. cereus in cabbage model system. Similarly, at the end of 14 days storage, combined MIC/4 treatment showed significantly lower count than individual 2 MICs against S. aureus in barley model system. However, MIC/4 and MIC/8 had statistically similar (p<0.05) effect on S. aureus, E. coli and Y. enterocolitica in both food model systems, and B. cereus in cabbage model system at the end of 14, 21 and 28 days storage. We also observed increase in microbial load in treated samples towards the end of storage period in few treatments such as MIC and 2 MICs of cinnamaldehyde against S. aureus and Y. enterocolitica, and 2 MIC of clove oil against B. cereus in cabbage model system; and MIC, 2 MICs and combined MIC/4 treatment against B. cereus, and combined MIC/4 and MIC/8 treatment against Y. enterocolitica in barley model system ( Fig. 1 a and b) . In both the food systems, the decrease in bacterial population with addition of essential oils was concentration dependent, and the inhibitory activity of the essential oils was lower in food systems as compared to in-vitro system. Differences in inhibitory activity of essential oils in different food model systems have been reported in literature (Gutierrez et al. 2009 ). Clove oil did not have any significant effect on E. coli O157: H7 count in cooked beef at 3 MIC level as compare to control, however it showed better inhibitory effect in blanched spinach at similar concentration (Moreira et al. 2007 ). Similarly, a fourfold decrease in antimicrobial activity (as compare Fig. 2 The antibacterial effect of essential oils alone or in combination against natural contaminants in watermelon juice to in-vitro activity) of Litsea cubeba essential oil against Vibrio parahaemolyticus, L. monocytogenes and Lactobacillus plantarum was observed in tofu, oysters and orange-milk beverage, respectively (Wei et al. 2011) . Although synergistic effect of some oil combinations against several bacteria has been reported under in-vitro conditions (Gutierrez et al. 2008) , no synergistic effect of oregano and cranberry essential oil combination was observed against L. monocytogenes in fish and meat system (Liu and Yang 2012) .
Antibacterial effect of essential oils in watermelon juice
The control of natural bacterial contaminants present in watermelon juice by both the essential oils and their combinations was analyzed, and it was observed that all the treated juices had significantly (p<0.05) lower counts as compare to control juice on all days of analysis. Although the level of contaminant did not show a definite trend for all the treatments on all days of analysis, clove oil at 2 MIC was the most effective (p<0.05) in controlling bacterial growth initially and at the end of day 5 and 7, and combination of each oil at one eighth MIC level was significantly (p<0.05) least effective (Fig. 2 ). Cinnamaldehyde at 2 MIC level showed least contaminants at day1 (statistically similar to 2 MIC of clove), but combination of one fourth MIC of each oil showed significantly higher (p<0.05) inhibition of bacterial growth in watermelon juice than their individual 2 MIC levels at day 5, which was also more effective (p<0.05) than all the treatments and as effective (p<0.05) as 2 MIC of clove oil after day 7. Although variability in background microflora of the fresh juice was minimized by terminating the experiments showing unusually high or low count in control at 0 day, the composition of the natural contaminants of watermelon juice may affect the antibacterial activity of the oils and their combinations. Application of the Origanum vulgare and Rosmarinus officinalis essential oils alone (MIC level) or in mixture (one fourth MIC each) is reported to significantly reduce the number of L. monocytogenes, Y. enterocolitica, Aeromonas hydrophila and Pseudomonas fluorescens in vegetable broth and in experimentally inoculated fresh-cut vegetables (De Rapper et al. 2012) , and in our study also, the natural contaminants of watermelon juice were effectively controlled by both the essential oils and their combinations.
Conclusions
This study showed that the essential oils of cinnamaldehyde and clove oils possess antibacterial activity and their combinations were effective in inhibiting the growth of artificially inoculated foodborne pathogens in model food system as well as natural contaminants of watermelon juice. Better antibacterial activity of combinations of oils than individual oil observed in studied food systems here has industrial relevance as it will help in better preservation of foods due to broader spectrum of antibacterial activity. The combinations of oils will also be helpful in reducing concentration of individual oil, thereby minimizing the undesirable impact on sensory properties, but their efficacy in complex foods, and toxicity and safety needs further study.
